The observed rates and deleterious impacts of biological invasions have caused significant alarm in recent years, driving efforts to reduce the risk (establishment) of new introductions. Characterizing the supply of propagules is key to understanding invasion risk and developing effective management strategies. In coastal ecosystems, ships' ballast water is an important transfer mechanism (vector) for marine and freshwater species. Commercial ships exhibit a high degree of variation in ballast water operations that affect both the quantity and quality of propagule supply, and thereby invasion risk. The per-ship inoculation size from ballast water depends upon both the volume discharged and the organism density. Moreover, propagule quality will vary among source regions (ports) and voyage routes, due to differences in species composition and transport conditions, respectively. We show that significant differences exist in (i) the frequency and volume of ballast water discharge among vessel types, (ii) the frequency of vessel types and routes (source regions) among recipient ports, and (iii) the transit success (survivorship) of zooplankton in ballast tanks among voyage routes. Thus, propagule supply is not a simple function of total ship arrivals. For ships, as well as other vectors, variation in propagule quantity and quality must be explicitly considered to estimate invasion risk and advance predictive ability.
INTRODUCTION
Biological invasions are reshaping the structure, dynamics and function of biological communities throughout the world (Carlton 1989; Lodge 1993; Mack et al. 2000) . In recent times, the observed rate of new invasions has increased dramatically across global regions, habitat types and taxonomic groups (Mills et al. 1993; Cohen & Carlton 1998) . For coastal ecosystems, this increase is often driven by dispersal of marine and freshwater organisms through commercial shipping (Ruiz et al. 2000; Fofonoff et al. 2003; Hewitt et al. 2004 ; but see also Galil 2000) . Ships transport rich assemblages of organisms in their ballast tanks, which are routinely filled with coastal waters and discharged at subsequent ports of call (Carlton 1985; Carlton & Geller 1993; Smith et al. 1999) . Organisms are also transferred on the outer surfaces of vessels (Coutts 1999; Gollasch 2002; Fofonoff et al. 2003; Minchin & Gollasch 2003) . For any transfer mechanism (vector), understanding how propagule supply varies in space and time is of critical importance for advancing predictive capacity and implementing effective management strategies (Williamson 1996; Drake & Lodge 2004; Endresen et al. 2004) . Propagule supply is characterized not only by size (density or total number), but also by frequency and duration of inoculation. Differences in propagule abundance or geographical source of inocula can strongly affect colonization (Grevstad 1999; Lonsdale 1999; Ruiz et al. 2000) . For example, total number of ship arrivals may be a poor predictor of invasion risk if propagule supply varies as a function of the type of vessel and its ballast discharge behaviour, the source region, or the duration of the voyage. Using several independent datasets, we assess the magnitude of variation in propagule supply via ballast water among vessels and consider its importance in estimates of invasion risk for coastal ecosystems. First, we compare the frequency and amount of ballast water discharge among vessel types arriving at US ports from overseas. Second, we characterize and contrast the relative contributions of different vessel types and geographical source regions (last port of call) for arrivals to individual US ports. Third, we test for differences in survivorship of ballasted zooplankton communities among three different shipping routes, using replicated voyages on each route: Hadera (Israel) to Chesapeake Bay (USA); Massachusetts (USA) to Chesapeake Bay (USA); and California and Washington (USA) to Prince William Sound, Alaska (USA).
MATERIAL AND METHODS
(a) Effect of ship type on ballast discharge volume We compared ballast water discharge volumes among vessel types, using data from the National Ballast Information Clearinghouse (NBIC; http://invasions.si.edu/ nbic). The ballast water volumes were reported by ships arriving from foreign ports to all US ports during the 3-year period between July 1999 and June 2002 (nZ45 072). The ships were classified into one of seven identifiable categories, which reflected different types of trade (cargo), including: bulker, chemical carrier, container, general cargo, passenger vessel, roll on-roll off (ro-ro) and tanker. In addition, some arrivals (2.6% of total) belonged to an unspecified ship type and were classified as an eighth category, 'other'. For each ship type, we estimated (i) the proportion of arrivals that discharged ballast water and (ii) the mean volume of ballast water released for those ships that reported discharge. We compared the discharge amount among vessel types, using ANOVA. Data from all vessels reporting during this 3-year period were used in this analysis. We note that only approximately 35% of all incoming vessels as recorded by the US Maritime Administration (MARAD) also reported ballast water information to NBIC; although NBIC reporting is self-selected and therefore may have some bias, these are the most comprehensive national level data of this sort available to date (see Miller et al. 2005 for further discussion).
(b) Effect of recipient port on ship arrival characteristics We compared the relative contribution of seven different vessel types to foreign shipping traffic at 13 major US ports between July 1999 and June 2002, using US customs data compiled by MARAD. MARAD reported 56 070 foreign arrivals to these 13 ports during this period. All data were used to estimate and compare (chi-square) the frequency of arrivals per ship type among the ports.
Using these same data, we also compared the relative contribution of different geographical source regions (last ports of call) to the arrivals for three port systems: Chesapeake Bay, Houston and Los Angeles/Long Beach. These port systems were selected to include a representative port for each of the US coasts (Atlantic, Gulf of Mexico and Pacific), as the traffic patterns are expected to differ on this regional basis.
(c) Effect of voyage route on zooplankton survivorship We estimated the survivorship of zooplankton in ballast tanks on 25 separate voyages, involving seven different ships (either oil tankers or coal carriers) on three different routes. For each route, the vessel types, specific routes, average voyage durations and time-intervals were as follows: (1998) (1999) .
Zooplankton samples were collected from wing tanks or cargo holds of vessels. Initial samples were taken immediately after ballasting at the departure port and final samples were taken prior to de-ballasting at the arrival port. In all cases, the same tank was sampled initially and re-sampled at the end of the voyage using an identical protocol. Zooplankton samples were collected using a 30 cm diameter, 80 mm mesh net that was towed vertically through the water column at a rate of approximately 0.5 m s K1 (see Smith et al. 1999 for a more complete description). The tow length was 2 m, except for coastwise Pacific voyages, where tow lengths varied between 12.8 and 26 m, depending on the particular vessel. At least three vertical plankton tows were taken per tank at each time point on all vessels. Samples were fixed in 10% formalin and subsequently preserved in 75% ethanol prior to identification and enumeration. Temperature and salinity measurements of the ballast water were taken at the start and finish using a salinity-conductivity-temperature meter.
All organisms were identified to the lowest identifiable taxonomic level possible and enumerated using a stereomicroscope. We assumed that the taxa identified were alive at the time of capture, as (i) dead organisms are believed to fall out of the water column, (ii) only specimens that showed signs of internal tissue or pigment were counted, and (iii) those with signs of gross damage were excluded. Copepods represented the majority of all taxa among ships (mean relative abundance in initial samples for all voyages: 88G5%; mean relative abundance in final samples for all voyages: 86G5%), but Mollusca, Polychaeta and Cirripedia were also abundant. No significant difference was found in the survivorship of these four most abundant taxonomic groups (F 3,67 Z0.38, pZ0.769); therefore all taxonomic groups were combined to examine changes in total zooplankton densities over time.
Initial and final abundance (number of organisms m K3 ) of total zooplankton were calculated based on tow volume for each voyage. To compare the change in density among voyages, tows were averaged to obtain mean initial and final abundances for total zooplankton per voyage, and the percentage change in density was calculated in the following way: (final densityKinitial density)/initial density!100. These data were then transformed using an arcsine squareroot transformation, and a one-way ANOVA was used to compare the percentage change in abundance among voyage routes, with values for individual ships serving as replicates.
To determine whether total zooplankton density changed significantly over time within a given voyage route, the data were log-transformed and compared using paired t-tests, again with values for individual ships serving as replicates. We also used regression statistics to examine the relationship between voyage duration and percentage change for total zooplankton. This analysis was conducted using arcsinesquare-root transformed 'percentage change' values to correct for non-constant error variance. All statistical analyses were carried out using SYSTAT v. 10.2 and SAS statistical software. For those arrivals reporting ballast water discharge, there was also a significant difference in the volume discharged among vessel types (figure 1; F 8,12 998 Z474.9, p!0.001). Bulk carriers and tankers had significantly greater mean discharge amounts than other vessel types (Tukey's pairwise comparison test, p!0.05). Despite the high relative frequency of discharge for passenger vessels (see table 1), these had the lowest average discharge volumes of all ship types. It is also noteworthy that container vessel arrivals exceeded those of other vessel types by at least twofold but had moderate discharge volumes.
(b) Effect of recipient port on ship arrival characteristics The relative contribution of each ship type to foreign arrivals varied significantly across the 13 study ports ( In addition to differences in arrival composition of vessel types among ports, there were also striking differences among ports in the contribution of various geographical source regions for arriving vessels (figure 2). For example, the geographical sources of combined vessel Significant reductions in total zooplankton density were recorded for transatlantic and Pacific coastwise voyages, but not for Atlantic coastwise voyages (paired t-tests; table 3).
Zooplankton survivorship was inversely correlated with voyage duration across all routes (figure 4; r 2 Z0.601, p!0.001). Voyage duration, however, was confounded with geographical region (i.e. all of the long duration voyages originated in the eastern Mediterranean) making it difficult to assess the relative effects of voyage duration versus source region.
Physical conditions within tanks remained relatively stable during the course of voyages. Neither temperature (t 23 Z0.468, pZ0.644) nor salinity (t 23 Z1.062, pZ0.299) conditions changed significantly between the start and finish of voyages 4. DISCUSSION There is general recognition of the importance of propagule supply in invasion dynamics, including aspects of both organism quantity and quality (Williamson 1996; Ruiz et al. 2000) . When controlling for source and recipient regions, previous studies suggest that large inocula are more likely to lead to establishment than smaller ones (Simberloff 1986; Robinson & Edgemon 1988; Grevstad 1999; Kolar & Lodge 2001) , and that the risk of establishment increases with inoculation frequency (Drake 1991; Grevstad 1999 ). In addition to such quantitative aspects of supply, variation in the number of invasions among geographical regions may also result from differences in source regions, which affect species composition as well as other qualities of the donor biota that arrive to different sites (Vermeij 1996; Miller et al. 2002) .
For coastal ecosystems, the number of ship arrivals to a region indicates the potential for species transfers, not just via ballast water (as discussed here), but also on the hulls of vessels. Recent models have attempted to evaluate invasion dynamics and consequences of management strategies by using ship arrivals as a proxy for supply, assuming that all ship arrivals present the same degree of risk (e.g. Drake & Lodge 2004 ). We caution against this approach, which ignores variation, for ships or any other vector. Instead, effective models of vectors and their associated invasion risks require an explicit evaluation and treatment of how propagule supply varies in space and Propagule pressure in coastal ecosystems E. Verling and others 1253 time. For example, propagule supply to an individual port is a complex function by ship types and source regions of the number of ship arrivals and their associated discharge patterns.
Our analyses illustrate that not all ships are created equal with respect to propagule supply. Frequency of ship arrivals alone does not adequately characterize the ballastmediated species transfers, as it ignores multiple key components that influence the quantity and quality of propagules. More specifically, we expect invasion risk to vary among ports as a function of ballast discharge and source, as well as broader regional biogeographic patterns of the species pool, and these attributes are not reflected by number of ship arrivals.
The operational features of ships and commerce clearly have substantial impacts upon the quantity of ballast water discharged, and thus influence invasion risk. Among ship types, clear differences exist in the overall frequency and volumes of ballast water discharge. For example, container ships dominated the overall number of foreign vessel arrivals to US ports; however, this vessel type discharges relatively infrequently and in small volumes. Thus, ports showing high numbers of arrivals do not necessarily represent ports with the highest invasion risk. Moreover, the same ship type can behave very differently in different ports. Oil tankers and bulk carriers often carry cargo in one direction and ballast water in another, causing some ports to receive large quantities of ballast discharge (20 000-50 000 metric tons) per capita and other ports to receive very little from the same ships . Because of this variation, the number of ship arrivals is usually a poor proxy for assessing ballast water discharge among ports.
Importantly, ballast water communities differ strongly among ships with respect to their species composition, abundance and physiological condition. Such disparity in ballast composition results from differences in the biota present at different source ports or donor regions, as well as likely differences with season and voyage conditions. In general, the ballast community at the end of a voyage represents only a subset of the original assemblage, and how well organisms survive during ballast water transfer is determined by both donor region characteristics and specific voyage characteristics. In numerical terms, this study and other data (Lavoie et al. 1999; Smith et al. 1999; Wonham et al. 2001) indicate that there are generally declines in zooplankton density during the majority of voyages, regardless of their duration or the source location. However, the magnitude of decline varies between source locations and with voyage route, and much variation still remains unexplained. The extent to which variation in survivorship results from differences in biota, transport conditions, time, or the interactions of these variables, is not clear. For example, entrained species from different donor regions exhibit different dose-response curves upon inoculation to a single site, resulting from inter-regional (quality) differences in (i) environmental tolerance or requirements of the organisms, (ii) the physiological condition of organisms upon arrival, resulting from regional differences in tolerance or conditions experienced during transport and/or (iii) the strength of biotic interactions, such as competition or predation, at the recipient region.
Environmental factors independent of propagule pressure, such as availability of suitable habitat, patch size and local environmental conditions, are also critical in determining the likelihood of a species becoming established in a new environment (e.g. Lonsdale 1999 ). Thus, habitat heterogeneity, community complexity, species-habitat interactions and the stochastic nature of environmental processes probably play a significant role in determining which invasions are successful and which are not (Elton 1958; Crawley 1986; Simberloff 1989; Mack et al. 2000) . Moreover, some environments simply offer poor opportunity for colonization such as those with high species richness (Tilman 1997; Stachowicz et al. 1999 ) and for many freshwater species transferred to high salinity habitats or vice versa .
Given the complexities and global scale of invasion pathways, models can be an especially powerful approach to develop predictions and explore effects of propagule supply and management on invasion dynamics. Nonetheless, the value of such models will depend upon the extent to which they incorporate key variables, including sources of variation known to affect invasion outcomes. At the very least, our data underscore a need to explicitly evaluate several aspects of vector operation to adequately characterize propagule supply by ships. We believe this approach is broadly applicable to any vector to understand the dynamics of species transfers and to advance predictive capacity about invasion outcomes. 
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